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ABSTRACT

In the upcoming years, the integration of expanding distributed generations (DGs) and Renewable Energy
Sources (RESs) with Energy Storage System (ESS) facilities and also Demand Response Programs (DRP)
necessitates the presence of an adaptive power system. A virtual power plant (VPP) stands as an advanced
power generation technology that streamlines and enhances generation, network limitations, energy storage
devices, and demands. It brings substantial enhancements in power system flexibility, enhances the efficient
use of distributed generations on the user-side, and promotes advancements in wholesale markets. Despite its
promise, VPP is presently in its nascent phase of development. These aforementioned technologies are
changing the energy landscape, with decentralized energy generation through virtual power plants (VPPs)
idea becoming a major trend. VPPs combine small-scale distributed units to act as a single and independent
entity. This study examines key issues related to VPPs, including definitions, components, optimization,
scheduling problem and types such as commercial VPPs and technical VPPs.

Keywords: Virtual power plant, Renewable energy, Distributed energy resource, Scheduling, Energy
Storage System

1. INTRODUCTION

Over the recent decades, there has been a notable increase in Distributed Generations (DGs), Renewable
Energy Sources (RESSs), Energy Storage Systems (ESSs) at the distribution level, and Demand response (DR)
programs, presenting new challenges for network operators while also providing a transformative opportunity
for the grid. Modern DG technologies, incorporating RESs, have undergone significant advancements, such as
improved solar cell efficiency, higher wind generator capacities, the evolution of advanced Combined Heat
and Power (CHP) systems, progress in fuel cell technologies, enhanced efficiency and capacity of ESSs, and
the introduction of innovative RESs like tidal generators and small hydro generators [1].

Meanwhile, the ongoing progression towards the liberalization of the electricity market, transitioning from
a monopolistic system to competitive market frameworks, is garnering increasing attention [2]. In light of these
dual trends, the operation of a large quantity of DER units under market conditions are unavoidable, presenting
new challenges that must be tackled, including:

- Market participation: Despite being viewed as small, adaptable power sources, storage technologies, and
controllable loads [3], DERs are typically restricted from entering the existing electricity market [4].

- Stochastic characteristics: Given that numerous DER technologies such as solar panels and wind turbines
rely on weather conditions, their variable output is deemed non-dispatchable, limiting their role in grid
operations and leading to economic penalties stemming from unforeseen imbalances.

- Isolation: Many DER units operate independently due to differing ownership structures. Collaboration

and communication between adjacent DER units are often lacking, constraining the capacity of DERs to meet
local demands rather than the broader grid requirements.
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One strategy to tackle these challenges is to aggregate multiple DER units within a Virtual Power Plant
(VPP). Through this arrangement, the cluster of DER units can exhibit the same level of observability,
controllability, and market functionality as traditional transmission-connected power plants [5]-[10].

Power can be distributed through different methods, yet customers seek top-notch quality, minimal
expenses, and unparalleled dependability. VPPs stand out as notable solutions for ensuring a dependable
electricity supply in a power system. As this system incorporates distributed energy resources (DERS), effective
arrangement of these assets becomes crucial [11,12]. It is projected that many market participants engage in
numerous activities with this platform [13].

1.1. Definition and concept (Literature Review)

In fact, VPP is currently in the speculation phase and there is no solitary description for the structure of
VPP in the literary works. In [14] VPP is characterized identically to an independent micro-grid. In [7], VPP
is depicted as a collection of various kinds of spread-out resources that might be scattered across different
locations within the medium voltage distribution network. In [15], VPP is comprised of a variety of
technologies with diverse operational behaviors and availability, enabling them to link up with different points
of the distribution network. In [16] VPP is defined as a multi-technology and multi-location diverse entity. In
the FENIX project, the concept of VPP is articulated as follows: "A VPP consolidates the capabilities of
numerous distinct DERs, forming a unified operational profile derived from a blend of the characteristics
defining each DER, and can factor in the network's influence on the collective output of DERs. A VPP serves
as a versatile representation of a collection of DERs that can be utilized for contractual agreements in the
wholesale market and for providing services to the system operator [15]."

Here we describe the general idea of the VPP as follows:

A Virtual Power Plant (VPP) is an idea that integrates dispersed generator units combining fossil and
renewable sources , controllable loads, and storage systems to function as a unified power entity which
managed by an Energy Management System (EMS) through bi-directional communication empowers real-
time monitoring and control, elevating operational efficiency, stability and flexibility of distribution grid.

Lately, numerous literary appraisals have been published in the realm of VPP concept, with a specific focus
on DERs to address power system concerns. The following section provides a review of some of these
publications.

In [17] a comprehensive review of VPP ideas is presented and also offers an overall summary of VPP
concepts. Authors of [18] examines the obstacles and issues arising from the discharging or charging of plug-
in electrical vehicles. It explores the potential of electric vehicles as a solution for integrating RESs and
Demand Response programs (DR) in grid. Reference [19] presents a review of modeling the uncertainty modes
used in power system analysis, discussing the strengths and weaknesses of these methods. In [20], the
researchers focused on improving the scheduling of a market-driven virtual power plant to increase profitability
and reduce procurement costs. In contrast, reference [21] introduced a new market bidding mechanism for
VPPs to manage the balancing energy market. Reference [22] assessed a VPP in the energy market combining
RESs, ESSs, and demands to optimize societal welfare. Reference [23] studied interconnected AC-DC
microgrids to enhance societal welfare, while reference [24] explored VVPPs acting as price setters to mitigate
real-time market penalties. Additionally, reference [25] investigated a multi-objective bidding scheme for
virtual power plants involving Wind Turbines (WTs) and Photovoltaics (PVs), reference [26] put forward a
strategy to maximize profits for VPPs in demand response programs, and reference [27] examined the
characteristics of virtual power plants providing flexibility services in distribution systems. Furthermore,
reference [28] proposed a method for multi-level market contracts defining VPP associations, considering VPP
collaboration while addressing uncertainties related to distributed generations. The authors of [29] expanded a
model focused on retail to analyze the dispatch capabilities of WTs, PVs, and ESSs to optimize societal welfare
for customers. Lastly, the authors of reference [30] evaluated the impact of demand-side management programs
along with ESS facilities on the internal power market of VPP and locational marginal prices. Examining
different explanations and fundamental concepts of Virtual Power Plants, its key elements, and ultimately two
main forms of VPPs, commercial VPPs (CVPPs) and technical VPPs (TVPPs) described in [31].
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1.1 Research Gap

In many of the articles discussed in the literature, there are weaknesses and unspoken aspects, one of which
is that a virtual power plant does not necessarily take geographical distance into account, and this is its
advantage over other smart grid concepts like microgrids. However, this does not mean that any distance is not
a concern at all; rather, it refers to, for example, the geographical distance within a distribution or transmission
network.

Another aspect is that the idea of a VPP is not solely for the participation of small capacity units in the
electricity market, but one of the advantages of this concept is participation in the energy market. It could be
argued that one of the main benefits of a VPP is to assist in enhancing the flexibility of the distribution network
towards ensuring a more reliable electricity supply.

Failure to consider the consistent output of a VPP when participating in the energy market and other markets
is another weakness identified in the literature review. Essentially, most studies on VPPs in the electricity
market focus on displaying the dispatch results of units under the virtual power plant's supervision, rather than
the monolith output of the VPP every hour of the day and night for market participation or other services.

Additionally, the operator of a VPP and the operator of the distribution network can be the same entity, in
which case the VPP, besides considering the operational constraints of the network, is required to supply all its
loads. Furthermore, by considering a smaller area within the network, it can aggregate production and supply
loads under its supervision and also interact with the upstream distribution network for electricity service
trading. Therefore, the realization of the VPP concept is not solely achieved through participation in the
electricity market; rather, one of the realizations of the VPP idea is participation in the energy market.

In the following sections, we will provide an overview of the key components and capabilities of a virtual
power plant, as well as its types and planning and solving methods.

2. Scheduling Issues Related to Mathematical Model and Optimization Goal

In the power systems, the integration of innovative management techniques and DERs taking into account
security, quality, reliability, and power accessibility leads to a shift from static to dynamic grid operations,
emphasizing the VPP concept. As DER penetration in power systems grows rapidly, particularly in grid
management, offering ancillary services and enhancing grid performance become crucial. Thus, introducing
innovative approaches to control generation and facilitate their involvement in electricity markets is essential.
The VPP concept emerges as a suitable solution to address these challenges.

Sale or Purchase
predefined power
to/from electricity
market

/ind Turbine

DR Programs

Energy Storage Systems

Utility grid

Fig. 1. A Typical VPP structure.
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Fig. 1 illustrates the composition of a VPP concerning the aggregation of DERs. In such setup, the
aggregator offers a profile of production derived from dealings with various electricity producers, taking into
account their anticipated power production profiles. The process depicted in the figure involves numerous
intricacies, including predictive algorithms and the coordination of system elements according to their technical
and financial characteristics [13].

Overall, two different categories of formulations are typically considered for addressing efficient
scheduling challenges: stochastic modeling and deterministic and robust optimization. Stochastic formulations
for optimal management problems in VVPPs are addressed in references [32-37], and deterministic formulations
for VPP frameworks are defined in references [38-42]. A stochastic approach for solving the scheduling and
determining optimal bids in a VPP is demonstrated in Fig. 2. This strategy involves receiving various scenarios,
minimizing them to a manageable figure, performing stochastic optimization, and deriving optimal energy bids
based on the complete stochastic process.

The primary purpose of a VPP is to maximize its revenue by optimizing the scheduling of DERs while
adhering to the constraints of the grid. As a VPP curtails or shift its load in DR programs, the reduced load can
be considered as virtual generation. Various types of DERs, when operating individually, may lack the
capacity, flexibility, and control necessary for effective management for a system and marketing engagements.

Scenario reduction Procedure

Fig. 2. Optimal energy bidding in a VVPP.

This issue Can be tackled through consolidation these resources and flexible load demands into a virtual
power plant.

Typically, the scheduling of DERs in a VPP is formulated as an optimization problem, often represented in
the form of an equation (Eq. 1). This optimization problem seeks to maximize its profit by determining the
optimal operation of DERs, considering factors such as energy production, consumption, market prices, and
system constraints. By aggregating multiple DERs and flexible loads into a VPP, the overall efficiency and
profitability of the system can be enhanced, enabling better participation in energy markets and grid services
[43-44].

OF = Maximizing Profit /| Minimizing Cost
subject to:
Diverse optional and/or compulsory Constraints (1)
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3. VPP COMPONENTS

3.1 Generation

The Virtual Power Plant comprises three main components, starting with the Generation Technology.
Distributed Generation technologies like Combined Heat and Power (CHP), biomass, small power plants,
small-sized hydro-plants, wind energy, solar production, and controllable loads fall under the DG category.
DG units can be classified as Domestic Distributed Generators (DDGSs) serving individual consumers and
Public Distributed Generators (PDGs) injecting power into the grid. Both DDGs and PDGs can include energy
storage. DDGs are typically connected to low voltage distribution networks, while PDGs are connected to
medium voltage networks. DDGs aim to meet their own energy needs and enhance reliability, while PDGs aim
to sell their power to network customers. DDGs have smaller capacities compared to PDGs, limiting their
ability to participate in power markets independently. Some DGs, for instance wind turbines (WTs) and
photovoltaics (PVs), are stochastic, while others like fuel cells and micro turbines are dispatchable. PDGs and
DDGs can be further categorized as Dispatchable PDGs (DPDGs), Stochastic PDGs (SPDGs), Dispatchable
DDGs (DDDGS), and Stochastic DDGs (SDDGs) [31].

3.2 Storage facilities

Today, energy storage systems are increasingly recognized as a vital tool for balancing fluctuations in
power demand with varying levels of electricity production. Within the realm of RESs, these facilities may
function as supplementary energy reservoirs, particularly for non-dispatchable or stochastic production like
WTs and PV facilities, particularly in areas with fragile networks. ESSs contemplated for assimilation in VPPs
include:

- Battery Energy Storage System (BESS)

- Hydrogen coupled with Fuel Cell (FC) technologies
- Flywheel Energy Storage (FWES)

- Compressed Air Energy Storage (CAES)

- Supercapacitor Energy Storage (SCES)

- Hydraulic Pumped Energy Storage (HPES)

- Superconductor Magnetic Energy Storage (SMES)

These diverse ESS facilities play a pivotal function in enhancing the flexibility and efficiency of VVPPs,
enabling better assimilation of RESs into the network and ensuring stability in power supply.

3.3 Information Communication Technology (ICT)

Effective communication technologies and foundation are crucial necessities for VPPs. Various
communication media facilities might be utilized for intercommunication across Energy Management Systems
(EMS), Supervisory Control and Data Acquisition (SCADA), and Distribution Dispatching Center (DCC).
These technologies play a vital role in enabling seamless coordination, control, and data exchange within the
VPP, ensuring efficient management of power generation, distribution, and monitoring. These systems are used
for monitoring and controlling the performance of electricity generation units and for optimizing electricity
production consumption planning.

4. TYPES OF VIRTUAL POWER PLANTS

4.1 Technical VPP (TVPP)

The TVPP is a system that comprises DERs from the same geographic area. It incorporates the real time
impact within the local grid on the aggregated DERs profile and depicts the cost and operational attributes of
the portfolio. The TVPP offers merits and operations such as domestic system administration for the
Distribution System Operator (DSO) and provides flexibility and ancillary services for the Transmission
System Operator (TSO). Operator of a TVPP needs comprehensive data regarding the local grid, usually
obtained from the DSO [47].

Key features of a VPP include [48]:

- Observability of DER units to the network operators

- Involvement of DER units in system oversight
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- Maximizing the efficient use of DER unit capacity to offer ancillary services, taking into account
limitations within the local network.

By leveraging these capabilities, a VPP enables efficient coordination and utilization of DER resources
within a specific geographic area, enhancing overall system flexibility and reliability.

The use of the TVPP concept permits small-sized units to offer ancillary services, thereby reducing risks
of unavailability through portfolio diversification and capacity aggregation in contrast to standalone DER units.
A detailed analysis of the technological monitoring abilities of DERs and their potential to provide ancillary
services is conducted in research studies [49] and [50]. This analysis includes assessing the technological
potential by considering the grid-interconnected converter individually with its unique abilities, revealing
significant technological opportunities. DSOs implementing the TVPP idea can also operate as Active
Distribution Network (ADN) operators [51]. An ADN operator can leverage ancillary services provided by
DERs to optimize network performance. Additionally, ADN operators can provide ancillary services to other
network operators, enhancing overall system flexibility and reliability. The TVPP concept can lead to the
establishment of hierarchical or parallel ADN structures based on various voltage levels or network zones,
enabling efficient coordination and utilization of DER resources. Numerous instances of ADNs are cataloged
in the active network implementation Register [48].

The TVPP is responsible for performing various essential functions, including continuously monitoring
equipment conditions and retrieving historical load data, managing assets with statistical support, enabling self-
recognition and qualification of network elements, integrating fault detection coupled with outage
management, facilitating maintenance, and conducting statistical analysis for optimization of project portfolios.

4.2 Commercial Virtual Power Plant (CVPP)

A CVPP aggregates the characteristics and results of DER to depict the cost and operational attributes of
the DER portfolio. The aggregated CVPP profile does not account for the influence of the distribution network.
Services offered by a CVPP encompass wholesale energy market trading, portfolio balancing, and providing
services to the transmission system operator through bids and offers. A third-party aggregator or a Balancing
Responsible Party (BRP) with market access, like an energy provider, could manage a CVPP. The CVPP
facilitates [47,48]:

- Observability of DERs within energy markets,
-allows DERs to participate in wholesale markets,
- maximizes the benefit obtained from the involvement of DER units in wholesale markets.

By enabling market entry for small-sized units and leveraging portfolio diversity and capacity, CVPPs help
reduce the risk of imbalance compared to individual DER units operating in isolation. CVPPs focus on
commercial aggregation and may not address the network operation aspects crucial for stable operation, as
active distribution networks must [52]. The aggregated DERs are not restricted by placement and can be
dispersed across different distribution and transmission networks. As a result, a sole distribution network zone
might have multiple CVPPs aggregating DER units within its area.

Primary functionalities of a CVPP include optimizing and scheduling generation derived from forecasted
consumer load demand and production capacity. Once actual demand deviates from predictions, Demand
Response Resources (DRRs) are utilized to bridge the disparity between generation and actual consumption.
Additionally, CVPP functions typically involve maintaining and submitting characteristics of DERSs,
forecasting production and consumption, managing demand during outages, developing bids of DERs,
submitting market bidding, daily optimization, and scheduling of generation, and facilitating the sale of energy
from DERs to the market.

5. Scheduling Problem Related to Solving Methods

When defining an optimization model for a scheduling problem, several challenges arise in finding a solution.
Initially, diverse input data must be gathered, and then an appropriate method needs to be chosen to solve the
optimization model. In the context of addressing optimal scheduling problems in VPPs, a variety of methods
have been utilized. These approaches could be broadly categorized into two primary approaches: mathematical
optimization approaches and heuristic optimization approaches.

solving methods in virtual power plants include optimization algorithms, demand and supply management,
energy management, and intelligent systems. The goal of these methods is to improve the efficiency and
performance of the virtual power plant and increase flexibility in electricity production. These methods utilize
advanced computational and data analysis techniques.

https://ieedt.benf.ir Page 6



kel g uiljaid pungi

=D v \r
'ﬁ \\'4‘
5 qt., ,‘,

AN

9th International Conference on
Technology Development in Iranian Electricﬂ‘Engineering

Mathematical optimization methods pertinent to VPPs can be delineated as follows:

- Mixed integer linear programming [33-35]

- Primal-dual sub-gradient algorithm [40]

- Fuzzy simulation and crisp equivalent [42]

- Game theory [49]

- Linear programming [53, 54,55]

- Nonlinear programming [56]

- Event-driven service-oriented framework [56]
- Mixed integer nonlinear programming [57, 58]
- Point estimate method [34, 57]

- Interior point method and primal-dual sub-gradient algorithm [39,59]
- Branch-and-bound method [60, 61]

- Decision Tree [32, 62]

- Hierarchical structure [63, 64]

- Dynamic programming [65]

- Quadratic programming [60, 66]

- Area-based observe and focus algorithm [67]

6. CONCLUSION
The VPP idea enables individual DERs to access and participate in various energy markets, Leveraging
VPP market intelligence for optimization their positions and maximizing income possibilities. This approach
benefits grid operations by efficiently utilizing available capacity and enhancing overall operational efficiency.
Stakeholders across different sectors stand to gain from the Virtual Power Plant concept:

Owners of DERs:

- Capture flexibility value

- Increase asset value

- Reduce financial risk

- Improve negotiation abilities

DSOs and TSOs:

- Gain visibility of DERs

- Utilize control flexibility

- Enhance grid investments

- Coordinate DSO and TSO efforts
- Address operational complexities

Policy Makers:

- Integrate renewables cost-effectively

- Open energy markets to small-scale participants
- Enhance system efficiency

- Support renewable energy goals

- Improve consumer choice

- Create new job opportunities

Suppliers and aggregators:

- Offer new services

- Reduce commercial risk

- Explore new business opportunities

Hence, it is crucial to emphasize that a virtual power plant serves as both a strategic concept for the
integration of low-capacity units into the electricity market and as an autonomous entity for the planning,
optimization, and efficient aggregation of dispatchable and non-dispatchable units, as well as demand response
programs at the distribution network level that upon its specific application it serves as technical or commercial

type.
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